Measuring neutrino mass imprinted on the anisotropic galaxy clustering by Oh, Minji & Song, Yong-Seon
ar
X
iv
:1
60
7.
01
07
4v
1 
 [a
str
o-
ph
.C
O]
  4
 Ju
l 2
01
6
Measuring neutrino mass imprinted on the anisotropic galaxy clustering
Minji Oh1,2, Yong-Seon Song1,2∗
1Korea Astronomy and Space Science Institute, Daejeon 34055, Korea and
2University of Science and Technology, Daejeon 34113, Korea
(Dated: September 24, 2018)
The anisotropic galaxy clustering of large scale structure observed by the Baryon Oscillation
Spectroscopic Survey Data Release 11 is analyzed to probe the sum of neutrino mass in the small
mν <
∼
1 eV limit in which the early broadband shape determined before the last scattering surface is
immune from the variation ofmν . The signature ofmν is imprinted on the altered shape of the power
spectrum at later epoch, which provides an opportunity to access the non–trivial mν through the
measured anisotropic correlation function in redshift space (hereafter RSD instead of Redshift Space
Distortion). The non–linear RSD corrections with massive neutrinos in the quasi linear regime are
approximately estimated using one-loop order terms computed by tomographic linear solutions. We
suggest a new approach to probe mν simultaneously with all other distance measures and coherent
growth functions, exploiting this deformation of the early broadband shape of the spectrum at later
epoch. If the origin of cosmic acceleration is unknown, mν is poorly determined after marginalising
over all other observables. However, we find that the measured distances and coherent growth
functions are minimally affected by the presence of mild neutrino mass. Although the standard
model of cosmic acceleration is assumed to be the cosmological constant, the constraint on mν is
little improved. Interestingly, the measured CMB distance to the last scattering surface sharply
slices the degeneracy between the matter content and mν , and the hidden mν is excavated to be
mν = 0.19
+0.28
−0.17 eV which is different from massless neutrino more than 68% confidence.
PACS numbers: 98.80.-k,95.36.+x
I. INTRODUCTION
A neutrino is an elementary particle in the Stan-
dard Model (hereafter SM) of particle physics with three
flavours whose existence was suggested as a “desperate
remedy” to explain the violation of energy conservation
in nuclear beta decay [1]. The theoretically predicted
particle was discovered [2], and became a fundamental
building block of SM of particle physics. The detection
of neutrino flavour oscillations also provides the indirect
evidence of a non–trivial neutrino mass through the so-
lar neutrino experiments [3–5]. The detection of possible
neutrino mass constrains the lower bound on the sum of
neutrino mass as
∑
mν >∼ 0.06 eV and
∑
mν >∼ 0.1 eV
while assuming a normal mass hierarchy and an in-
verted hierarchy respectively [6]. The tightest neutrino
mass upper bound from laboratory has been reported to
<∼ 2 eV [7]. While this constraint bounded by particle
physics experiments is expected to be improved by a few
orders of magnitude by seeking for neutrinoless double
beta decay events in the future [8], the more stringent
upper neutrino mass bound is imposed through cosmo-
logical observations [9–18].
Alternatively, the neutrino mass can be probed by
cosmological observations through the distinct cluster-
ing caused by the neutrino damping effect. The effect
of massive neutrinos is imprinted on the recombination
history through the alternated expansion history, which
influences the shape of spectra determined at the last
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scattering surface. However, if
∑
mν <∼ 1 eV, the cosmic
neutrinos become non–relativistic after the last scatter-
ing surface, and the transfer function with all massless
neutrinos remains unchanged [19]. Light massive neu-
trinos are detectable by the Cosmic Microwave Back-
ground (hereafter CMB) experiment through the early
Integrated Sachs–Wolfe (ISW) effect due to their being
less relativistic around the last scattering surface and
through the gravitational lensing effect developed at later
epoch [20]. The Planck experiment constrains the neu-
trino mass upper bound as
∑
mν <∼ 0.68 eV at 95% con-
fidence level [21].
The signature of neutrino mass is also imprinted on
the large scale structure of the universe which is traced
by galaxy distribution [22]. The observed galaxy clus-
tering is plagued by uncertainties due to the non–linear
mapping from the real to redshift spaces [23–26]. This
mapping is intrinsically non–Gaussian which leads to the
infinite tower of cross–correlation pairs between density
and velocity fields, and the non–perturbative suppression
due to the randomness of infalling velocity is not theoret-
ical predictable [27, 28]. Those all non–trivial corrections
are not easily formulated with the cosmological model in
which the neutrino becomes non–relativistic. But, if the
targeted range of scale remains in the quasi linear regime,
the known linear solutions can be fed tomographically at
each epoch where the large scale structure evolves non–
linearly. This approximation is proved to be applicable
in our interesting scales [29].
Constraint on the neutrino mass is studied using the
Baryon Oscillation Spectroscopic Survey Data Release 11
(hereafter BOSS DR 11) catalogue in this manuscript.
Unlike the more conventional methodology to probe mν
2using galaxy clustering data, we suggest a new approach.
The early broadband shape of the power spectrum de-
termined at last scattering surface is altered when the
neutrinos become non–relativistic [30]. This shape de-
parture is a unique signature of the non–trivial mν , and
it needs to be disclosed simultaneously with all other dis-
tance measures and coherent growth functions. When we
apply the minimal theoretical prior for cosmic accelera-
tion physics in which the structure evolves coherently
after the last scattering surface, the mν constraint be-
comes weak and no confirming upper bound is discov-
ered at small mν <∼ 1 eV limit. Although we impose the
ΛCDM prior, the mν constraint little improves. With
the ΛCDM prior, the CMB distance measure can be com-
bined. This combination breaks the degeneracy between
the matter content Ωm and the neutrino mass mν signifi-
cantly, and the massless limit ofmν becomes distinguish-
able. The mν is measured to be mν = 0.19
+0.28
−0.17 eV with
the assumption of Gaussian probability distribution. We
present the details in the following sections.
II. MASSIVE NEUTRINO MEASUREMENTS
A. Large-scale structure with massive neutrino
The cosmic neutrinos are decoupled when the expan-
sion rate becomes dominant over the interaction rate
with cosmic plasma. The neutrino is assumed to main-
tain Fermi–Dirac phase space distribution with decreas-
ing temperature Tν until the electron–positron annihila-
tion. This does not correspond to the physical temper-
ature after decoupling. If the neutrino decoupling is in-
stantaneous, the temperature ratio to the photon temper-
ature is given by, Tν/Tγ = (4/11)
1/3
[31]. In reality, this
decoupling procedure is not instantaneous, and the an-
nihilation occurs in the middle of the non–instantaneous
decoupling procedure. This uncertainty is described by
the non–trivial neutrino species number N effν which is
not the integer number 3. The exact value of N effν was
numerically computed to be 3.046, considering the non–
instantaneous decoupling procedure as well as the quan-
tum electrodynamic effect [32]. This conventional N effν
is taken in this work, and treated to be constant, not a
variable parameter.
We probe the mild neutrino mass effect on galaxy clus-
tering at later epoch, whilst the full recombination his-
tory is immune to this small neutrino mass. The cosmic
neutrinos are relativistic before the last scattering sur-
face, until then they freely stream and suppress the large
scale structure formation. The early shape of spectrum
is nearly identical to the shape with all massless neu-
trinos [19]. The neutrinos becomes non–relativistic after
the recombination epoch, and those start to clump under
the influence of local gravitational force. Suppression due
to the free streaming effect is differently halted at vari-
ous scales, and the broadband shape of spectrum is lately
developed by this additional neutrino clustering.
FIG. 1. (Top panel) Linear power spectrum Pδδ(k) with one
massive neutrino of mass 0.00 eV, 0.20eV, 0.50eV at redshift
z=0.57. (Bottom) The growth function Dδ+ has coherently
increasing amplitude as ΩΛ decreases and scale-dependency
which comes from non-zero neutrino mass, mν = 0.20 eV. See
eq.8 for the definition of the scale-dependent growth function.
The power spectra are computed using CAMB [34].
The early shape of spectra determined before the re-
combination epoch is influenced by initial conditions gen-
erated by inflation, and by the competition between ra-
diative pressure resistance and gravitational infall during
the radiation domination epoch [33]. When the fluctu-
ations start to evolve coherently after matter-radiation
equality, they have gone through a scale dependent shift
from their own re–entering of the horizon to the recom-
bination epoch. This early shape is nearly invariant with
varying neutrino mass at
∑
mν <∼ 1 eV, and can be pre-
cisely computed by shape parameters of (nS , ωb, ωc),
which are determined by CMB experiments. The Planck
experiment provides the constraints on the shape param-
eters with nS = 0.97± 0.0060, ωb = 0.022± 0.00023, and
ωc = 0.12± 0.0022 [21].
The small neutrino mass becomes non–relativistic at
the late epoch, and the early broadband shape of spec-
tra is altered by an additional neutrino element clump-
ing to the existing dark matter clustering [30]. In the
small neutrino mass limit, one heavy neutrino mass dom-
inates with normal hierarchy assumption, and two heav-
ier neutrino masses are expected with inverted hierar-
chy assumption. The evolution of neutrino fluctuations
develops differently with both assumptions despite the
same
∑
mν . The distinction between different hierarchy
assumptions is not significant under the sub–percentage
change, while the shape of spectra is noticeably altered
by the variation of the sum of neutrino masses. Hereby,
3the variation of
∑
mν is represented by one heavy neu-
trino element mass variation.
The geometric perturbations around the Friedman-
Robertson-Walker universe are described by,
ds2 = −(1 + 2Ψ)dt2 + a(t)2(1 − 2Φ)δijdxidxj . (1)
Those metric fluctuations are given by,
− k2Ψ = 4πGa2
∑
ρiδi (2)
where i denotes the matter contents of baryon, cold dark
matter or massive neutrino. The matter fluctuations δi
are given by
∂δi
∂t
+ (1 + wi)
(
θi
a
− 3∂Φ
∂t
)
+ 3H(cs,i − wi)δi = 0,
∂θi
∂t
+H(1− 3wi)θi + ∂wi
∂t
θi
1 + wi
(3)
+
cs,i
1 + wi
∇2δi
a
− ∇
2σi
a
− ∇
2Ψ
a
= 0 ,
where w, cs and σ denote the equation of state, the sound
speed and the anisotropic stress respectively. We will
assume the irrotationality of fluid quantities and express
the velocity field in terms of the velocity divergence θi =
∇ · vi.
The scale dependent growth functions for δ and Θ =
θ/(aH) are denoted by Dδ+ and D
Θ
+ respectively. We in-
troduce the following parametrization of the growth rates
Dδ+(k, t) = Gδ(t)Fδ(k, t;mν),
DΘ+(k, t) = GΘ(t)FΘ(k, t;mν), (4)
where we defined Fδ(k, t;mν) and FΘ(k, t;mν) so that
Dδ+(k, t) → Gδ(t) and DΘ+(k, t) → GΘ(t) in the limit
of k → 0. In our small massive neutrino analysis, the
early broadband shape with BAO signature is imprinted
before the last scattering surface in which all neutri-
nos behave relativistic. When this early BAO physics
is probed by CMB experiments, the baryon and cold
dark matter contents are determined regardless of neu-
trino mass at mν <∼ 1 eV. In the top panel of Fig. 1,
the power spectra with varying neutrino masses of mν =
(0.0, 0.2, 0.5) eV are presented with the fixed ΩΛ = 0.68.
The neutrino becomes non–relativistic at z <∼ 1000 with
mν = (0.0, 0.2, 0.5) eV. The shapes of those spectra are
the same until z ∼ 1000, and the distinct late time broad-
band shapes are developed due to different epochs when
neutrinos become non–relativistic [35–37]. This depar-
ture from the early shape with mν = (0.2, 0.5) eV is pre-
sented by dash and dotted curves respectively. When ΩΛ
and Ωm are fixed with varying mν , the spectra with dif-
ferent mν = (0.0, 0.2, 0.5) eV become the same at k → 0
limit. However, the Hubble constant becomes slightly
bigger with increasing mν , while ΩΛ is fixed. The Pδδ(k)
is presented in Mpc3 unit in which BAO peaks are invari-
ant with varying mν and the overall amplitude is slightly
decreases by h−3.
In the bottom panel of Fig. 1, Dδ+(k, t) is presented
with the fixed Fδ(k, t;mν) at mν = 0.2 eV, while ΩΛ
varies. The dash, solid and dotted curves represent
Dδ+(k, t) with ΩΛ = (0.65, 0.68, 0.71) respectively. The
coherent shift of Dδ+(k, t) presented in the figure verifies
that the effect on structure formation by varying dark
energy model can be represented by Gδ and GΘ parame-
ters. We use Gb which represents the combined variation
of b and Gδ, as both are not clearly separated.
B. RSD with massive neutrino
In practice, the inhomogeneous density traced by
galaxy distribution is small perturbation to the homoge-
neous background observed in redshift space. The map-
ping formulation from real to redshift spaces causes the
non–perturbative effect to the power spectrum even at
linear regime in which the leading order terms of pertur-
bations dominate [23–26]. The observed perturbations
are altered by the peculiar motion of tracers along the
line of sight, s = r + v · zˆ/aH , where r and s denote
vector distances in real and redshift spaces respectively.
Then the observed power spectrum is given by [27],
P (S)(k, µ) =
∫
d3x eik·x
〈
ej1A1A2A3
〉
, (5)
in which we define
j1 = −i kµ,
A1 = uz(r)− uz(r′),
A2 = δ(r) + ∇zuz(r),
A3 = δ(r
′) + ∇zuz(r′),
where x = r− r′, u ≡ −v/(aH), uz is the velocity com-
ponent along the line of sight. We consider the targeted
galaxies from BOSS DR11 in the deep space in which
the plane parallel approximation can be adopted, then µ
denotes the cosine of the angle between k and the line of
sight.
The effect of RSD mapping appears as non–Gaussian
contribution in Eq. 5. The full expansion of Eq. 5
contains the non–perturbative function caused by the
randomness of infalling velocities which is known as
the Finger–of–God effect (hereafter FoG) [38], and the
higher order polynomials due to the non–trivial cross–
correlation between density and velocity fields. It is given
by [28, 39],
P (S)(k, µ) = DFoG(kµσz)[Pδδ + 2µ
2PδΘ + µ
4PΘΘ (6)
+A(k, µ) +B(k, µ) + T (k, µ) + F (k, µ)].
The DFoG and F (k, µ) represent the one–point and the
4correlated FoG’s respectively, which are given by [28],
DFoG1pt (kµ) = exp
{
j21σ
2
z + 2
∞∑
n=2
j2n1 σ
2n
z
K2n
(2n)!
}
, (7)
F (k, µ) = −j21
∫
d3x eik·x 〈uzu′z〉c〈A2A3〉c . (8)
The one–point FoG effect denoted by DFoG is dominated
by the first order term with negligible K2n contributions.
The σz represents one–point velocity dispersion along the
line–of–sight. There is no trustable theoretical model
to predict σz , and it is set to be the scale independent
free parameter which is simultaneously fitted with all
other cosmological observables. The F (k, µ) represents
the leading order correlated FoG effect. The higher or-
der polynomials due to density–velocity cross–correlation
are given by,
A(k, µ) = j1
∫
d3x eik·x 〈A1A2A3〉c,
B(k, µ) = j21
∫
d3x eik·x 〈A1A2〉c 〈A1A3〉c,
T (k, µ) =
1
2
j21
∫
d3x eik·x 〈A21A2A3〉c, .
In this manuscript, we consider low resolution experiment
at linear regime in which the cancellation of F + T com-
bination leaves non–significant residuals, and theoretical
models are effectively reduced to the following form [27],
P (S)(k, µ) = e−(kµσz)
2 [
Pgg + 2µ
2PgΘ + µ
4PΘΘ +A+B
]
.
(9)
where the subscript g denotes the perturbed galaxy dis-
tribution, and the linear coherent bias formulation is
adopted, δg = bδ [40].
The non–linear gravitational evolution with massive
neutrino is computed using the resummed perturbation
theory called RegPT [39, 41], in which an ill-behaved ex-
pansion leading to unwanted UV behaviour is removed
by suppression factor at small scales. We compute the
non–linear corrections up to one loop by feeding the lin-
ear power spectrum at each redshift which is the solution
of the full linear Boltzmann equation. There has been a
few alternative approaches developed to improve theoret-
ical prediction, but it was confirmed that TNS method
provides more precise description for matter fluctuations
with massive neutrino at quasi linear regime, exploiting
the simulations at z = 0.5 [29]. In this manuscript, we
adopt this study. The loop correction terms A(k, µ) and
B(k, µ) are similarly derived using the following formu-
FIG. 2. The measured two–point correlation function
ξ(σ, pi) is presented as the filled blue contour, and the
theoretical predictions of ξ(σ, pi) are shown as the un-
filled solid, dash and dotted black contours with mν =
0, 0.2, 0.5 eV respectively. The contour levels are ξ(σ, pi) =
(−0.6,−0.001, 0.002, 0.005, 0.016, 0.06, 0.2).
lation [42],
A = b3
3∑
n=1
2∑
a,b=1
µ2n
(
GΘ
Gb
)a+b−1
k3
(2π)2
∫
∞
0
dr
∫ 1
−1
dx
×
{
Anab(r, x)B2ab(p,k − p,−k)
+A˜nab(r, x)B2ab(k − p,p,−k)
}
, (10)
B = b4
4∑
n=1
2∑
a,b=1
µ2n
(
−GΘ
Gb
)a+b
k3
(2π)2
∫
∞
0
dr
∫ 1
−1
dx
×Bnab(r, x)
Pa2(k
√
1 + r2 − 2rx)Pb2(kr)
(1 + r2 − 2rx)a . (11)
where r = p/k, x = k · p/(k p) and Gb = bGδ. Here, the
functions Pab and Babc are the power spectrum and bis-
pectrum of the two-component multiplet Ψa =
(
δ,− Θf2
)
.
The non-vanishing coefficients, Anab, A˜
n
ab, and B
n
ab, are
those presented in Sec. III-B2 of Ref. [42] and Appendix
A of Ref. [27], respectively.
The RSD correlation function is given by the Fourier
transformation of Eq. 9 as,
ξs(σ, π) =
∫
d3k
(2π)3
P (S)(k, µ)eik·s
=
∑
ℓ:even
ξℓ(s)Pℓ(ν) , (12)
5where Pℓ are the Legendre polynomials, ν = π/s and
s = (σ2+π2)1/2. The ℓ-th moment of correlation function
ξℓ(s), is defined by,
ξℓ(s) = i
ℓ
∫
k2dk
2π2
P
(S)
ℓ (k) jℓ(ks) . (13)
For the improved model given in Eq. 9, the multipole
power spectra P
(S)
ℓ (k) are explicitly given by [19]. The
theoretical two–point correlation functions with varying
mν are presented in Fig. 2. The black solid, dash and dot-
ted contours represent ξs(σ, π) with mν = 0 , 0.2 , 0.5 eV
respectively. The effect of neutrino mass is mainly ob-
served at outer contours. While BAO ring is not altered
with varying mν , the locations of BAO peak run away
from the pivot peak point at ξs(σ, π) ∼ 0.016.
C. BOSS DR11 catalogue and estimators
The analysis presented in this work is performed on
the 11th data release of the Baryon Oscillation Spectro-
scopic Survey (BOSS) [43–45], a survey of the Sloan Dig-
ital Sky Survey (SDSS) [46, 47]. In this section we briefly
summarise the data we use. However, more detailed in-
formation including selection cuts and systematics are
explained in [48]. Depending on its target, BOSS has
the two principal galaxy samples, one is the Constant
Stellar Mass Sample (CMASS) and the other is LOWZ.
In CMASS [49, 50] we use about 690,000 galaxies within
the redshift range of z = 0.4 − 0.7 over a sky coverage
of 8,500 square degrees in the effective volume about 6
Gpc3.
The selected galaxies are observed in (RA, Dec, z) co-
ordinates, and converted into comoving coordinates using
a fiducial cosmology. The possible discrepancy between
fiducial and true cosmologies leaves an additional geo-
metrical distortion on the anisotropic two–point corre-
lation function, which is dubbed, the Alcock-Paczynski
effect (hereafter AP effect) [51–54]. The anisotropic two–
point correlation function ξ(σ, π) is measured using the
Landy-Szalzy estimator [55]. A random catalogue with
about 20 times more number of points than the galaxy
data is provided to probe the clustering strength of galax-
ies relative to the unclustered background.
The separation distances of σ and π range from 0< σ,
π < 200 Mpc with linear spacing of ∆σ ,∆π = 10Mpc.
The covariance matrix between different bins is com-
puted using 600 simulated catalogues mocking the sur-
vey geometry and number density [56]. Further details
regarding these simulations including initial conditions
and methodology are explained in [48, 57].
This analysis is not valid at smaller scales below σcut <
60Mpc and scut < 75Mpc. Our understanding of RSD
theory is mainly limited by non–linear corrections. The
incomplete knowledge of perturbation theory results in
unpredictable FoG effect as well. This theoretical limit is
fully investigated in our previous work [48], and assumed
Parameters fiducial without mν with mν
DA (Mpc) 1395.2 1422.9
+29.5
−32.2 1424.9
+33.9
−28.8
H−1 (Mpc) 3234.69 3218.3+203.1
−175.5 3219.5
+205.4
−151.4
Gb — 1.15
+0.08
−0.08 1.19
+0.08
−0.08
GΘ 0.46 0.41
+0.09
−0.09 0.41
+0.08
−0.10
σz (Mpc) — 9.2
+5.4
−5.7 8.0
+4.4
−5.1
mν (eV) — — 0.16
(+0.59)
TABLE I. Constraints on values of DA, H
−1, Gb, GΘ, σz, and
mν with their 68% CL uncertainties and compare with the
previous study without massive neutrinos [48]. Note that the
reported uncertainty with the parenthesis is calculated with
the assumption that the probability distribution is Gaussian.
that the known cut-off scales are weakly dependent on
cosmological models.
D. Cosmological model independent constraint on
mν
In the mild neutrino mass limit of mν <∼ 1 eV, the ef-
fect of non–relativistic neutrino is not imprinted on the
early broadband shape of the power spectrum, which is
solely determined by matter–radiation competition be-
fore the last scattering surface. When the neutrino be-
comes non–relativistic at late time, the neutrino starts
to contribute to the clustering, and the early broadband
shape becomes alternated. The signature of non–zero
mν is probed by analysing the anisotropy of ξ(σ, π) im-
printed by this alternated late time broadband. The
neutrino mass is simply added to the parameter space
which includes all other cosmological model independent
observables such as cosmic distances, growth functions
and FoG effect. The new parameter space is given by
(DA, H
−1, Gb, GΘ, σz ,mν). When the broadband shape
is invariant, one single theoretical RSD template is suf-
ficient to reproduce ξ(σ, π). But when mν is added, the
multiple theoretical RSD templates are exploited from
mν = 0 to 1 eV with ∆mν = 0.1 eV. Those templates
are interpolated to find the RSD model for each mν .
The constraint on the neutrino mass is presented in
Table I. A small neutrino mass is slightly favoured, but
we are not able to determine the lower nor the upper
bounds clearly. If no specific dark energy models are
given a priori, the neutrino mass is not determined with
any precision using BOSS DR11. This poor constraint
on mν is well visualised in the five top panels of Fig. 3.
The signature of the late time broadband alteration by
neutrino damping effect is a very weak signal to be seen
from this observation.
However, we are more interested in the consistency
checks for all other observables of (DA, H
−1, Gb, GΘ, σz)
which were reported without mν in our previous works
[48]. The one–point FoG effect is known to be well rep-
resented by Gaussian functional form, but the first order
contribution of it is dominating, which causes a signif-
6FIG. 3. Constraints on observables (DA,H
−1, Gb, GΘ, σz,mν) are presented in multi–correlated planes. The blue square points
represent the fiducial values of the Planck ΛCDM concordance model. The black small and large cross points represent the
best fit values without and with mν respectively.
icant degeneracy with the coherent motion constraint.
This random velocity effect is represented by a single pa-
rameter σz, which is presented in the second panels of
Fig. 3. The small and large cross points represent the
best fitting values without and with mν respectively, and
we find that the contamination due to random velocity
effect is not much altered with including small neutrino
mass.
The distance measures of DA and H
−1 are least im-
pacted by neutrino mass. The measured DA and H
−1
without and with mν are nearly equivalent to each other.
The size of the contours do not change significantly with
the additional degree of freedommν either. The physical
scales associated with the primordial BAO features im-
printed on large scale structure remains unaltered, and
it claims that both distance measures DA and H
−1 are
mainly determined by BAO peaks, rather than the over-
all shape of the spectrum.
Contrary to the other parameters, the influence of non–
trivial mν on Gb is observed as an increase of around 5%.
This occurs at the best fit mν = 0.2 eV which is away
from the massless limit. The combined effect of the co-
7FIG. 4. (Left panel) The 2D contour plot of (Ωm,mν) is presented. The black and blue contours represent the constraints
using BOSS DR11 only and the combination of BOSS DR11 and Planck distance measures. Inner and outer contours present
68% and 95% confidence levels. Here both ωb and ωc are fixed. (Right panel) We present the likelihood function and ∆χ
2 in
the top and bottom panels. The black solid and blue dash curves represent the cases with the fixed and marginalised ωb and
ωc respectively.
herent growth and mν damping effect is determined at
the weight centre in the effective k range. The late time
broadband shape is observed to be pivoting this weight
k centre around k = 0.05Mpc−1. When mν = 0.2 eV is
favoured by the fitting, the shape of the spectrum is piv-
oted down toward the smaller scales, and boost the large
scale part. As the coherent growth function is defined at
k → 0, it causes the 5% increment for the measured Gb.
This correlation between mν and Gb is not clearly visible
from the contour, because mν is poorly determined. The
similar effect is not seen from GΘ, as GΘ is not deter-
mined precisely unlike Gb.
E. Constraint on mν with the standard model prior
The cosmic acceleration has been confirmed by many
efforts since the first discovery in 1998 [58, 59], suggest-
ing new physics to modify the knowledge of materials or
gravity. The unknown materials such as dark energy can
be a solution to expel the cosmic expansion, or our in-
complete understanding of gravitational physics at large
scale is a cause of acceleration. Among those all exotic
explanations, the cosmological constant can be a most
compromising solution between the standard model of
particle physics and the cosmological observations. If we
work under the standard model frame, the neutrino mass
can be considered within the ΛCDMmodel, in which 95%
dark materials are possibly explained without significant
modification on the known physics. The massive neu-
Parameters B BP BP (marginalising ωb, ωc)
Ωm(0.32) 0.35
+0.02
−0.02 0.34
+0.03
−0.02 0.34
+0.03
−0.02
mν(0 eV) 0.28
(+0.62) 0.19+0.28
−0.17 0.18
+0.30
−0.15
b 1.98+0.11
−0.11 1.96
+0.09
−0.10 1.95
+0.09
−0.10
σz (Mpc) 8.0
+3.0
−3.7 8.1
+3.0
−3.5 8.0
+3.1
−3.7
TABLE II. Constraints on values of Ωm, b, σz and mν with
their 68% CL uncertainties and compare with the previous
study without massive neutrinos [48]. In the first low, “B”
and “P” represent the constraints using BOSS DR11 and
Planck experiments respectively. Again, the reported uncer-
tainty with the parenthesis is calculated with the assumption
that the probability distribution is Gaussian.
trino is a necessary element of standard model which is
theoretically predicted, and ∆m2ν,µ,e is observationally
confirmed to be non-zero. Thus the ΛCDM model with
non–trivial mν is the best theoretical model to be con-
sistent with both particle and cosmological experiments.
The cosmological model dependent parameter space
is (Ωm,mν , b, σz), where both ωb and ωc are given or
marginalised under the CMB experiment constraints. We
adopt the tight constraint on primordial parameters from
CMB experiments, and we drop out all other nuisance
parameters such as the optical depth τ . Then there are
two major cosmological parameters of (Ωm,mν), and two
systematical parameters of (b, σz). Theoretical RSD tem-
plates are provided in two dimensional space of cosmo-
8logical parameter (Ωm,mν).
The constraint on mν using BOSS DR11 alone is pre-
sented in column “B” as 0.28(+0.62) eV. The lower bound
is not determined, and the upper bound is given with the
assumption of Gaussianity of the probability distribution.
Then the upper bound of mν is mν <∼ 0.9 eV. Consider-
ing the small mν <∼ 1 eV limit, we do not think that the
upper bound of mν is determined. The measured Ωm
becomes bigger than the value from the Planck ΛCDM
concordance model, which is caused by bigger mean mν .
The measured galaxy bias is consistent with the expected
CMASS galaxy bias.
The benefit of cosmological model dependent parame-
terisation is to combine other cosmological tests to break
degeneracy. The CMB measures the angular extension
of the sound horizon at last scattering surface, which is
given by θ∗ = 1.04±0.00047 [21], of which the constraint
is denoted as “P” in Table II. The matter content of
Ωm is precisely determined for ΛCDM cosmology with
massless neutrino using θ∗ constraint alone. But Ωm be-
comes undetermined with varying mν . Both are tightly
correlated to each other on (Ωm,mν) plane. This indef-
inite degeneracy is broken by the combination of BOSS
and θ∗ constraints, which is presented in the left panel of
Fig. 4. The black and blue contours represent the con-
straints on (Ωm,mν) using BOSS DR11 alone and the
combined BOSS DR11 and θ∗ measurement. The up-
per bound becomes tighter, and the lower bound of mν
becomes visible.
In Table II, mν is reported to be mν = 0.19
+0.28
−0.17 eV
when ωb and ωc are fixed. The error is estimated with
the assumption of Gaussian distribution again. Both
likelihood function and ∆χ2 are presented in the right
panel of Fig. 4, where ∆χ2 = 128.0 at mν = 0.2 eV and
∆χ2 = 129.8 at mν = 0.0 eV. It suggests that mν is not
massless. Planck probes ωb and ωc tightly, so that the
variation of both provides the minimal difference in the
fitting results using BOSS DR11 alone. But the influ-
ence on cosmological constraints using θ∗ measurement
is not minimal. We compare the mν constraints with-
out and with ωb and ωc marginalisation as black solid
and blue dash curves in the right panel of Fig. 4, respec-
tively. There is no significant difference observed. The
measured mν is given in Table II as mν = 0.18
+0.30
−0.15 eV.
The estimated Hubble constant H0 becomes H0 =
65 ± 1.3 km/s/Mpc with ΛCDM cosmology with mas-
sive neutrino. The recent direct measurement of H0 is
73±2 km/s/Mpc [60], which is compared with the Planck
estimation when ΛCDM cosmology with massless neu-
trino is assumed, H0 = 67 ± 0.96 km/s/Mpc. Note that
the non–trivial neutrino mass does not resolve the dis-
crepancy, but makes it worse.
III. CONCLUSION
The early broadband shape of the power spectrum is
altered by the damping effect due to the massive neutrino
withmν <∼ 1 eV at later epoch. The observed galaxy clus-
tering in redshift space can be exploited to observe this
signature imprinted by non–trivial neutrino mass. We
provide the methodology to detect mν with probing this
altered broadband shape of power spectrum. This damp-
ing effect can be disclosed simultaneously with distance
measures and coherent growth factors which are depen-
dent on the unknown dark energy models. When the
origins of cosmic acceleration is completely unknown, i.e.
neither distance measures nor coherent growth functions
are known, the neutrino mass is not measured in pre-
cision using BOSS DR11 catalogues. But we find that
both distance measures and growth functions are min-
imally affected by mν marginalisation. It justifies our
previous results without including mν damping effect.
Although there is no confirming evidence of cosmo-
logical constant, the most reliable and simplest theoret-
ical model to explain the cosmic acceleration is ΛCDM
model. We continue our test with a theoretical prior that
the cosmic expansion is accelerated by the existence of
cosmological constant. Then all distance measures and
growth functions vary coherently with one single cosmo-
logical paramter Ωm. Despite this reduction of parame-
ter space, the neutrino mass is not clearly distinguishable
from the massless limit, and the upper bound is poorly
set by mν <∼ 0.8 eV. However, the hidden mν can be re-
vealed by “smoking gun” from the combination of CMB
distance measure at the last scattering surface. The an-
gular extension of sound horizon constrain the Ωm and
mν correlation pattern. The likelihood plane of (Ωm,mν)
probed by BOSS DR11 is sharply sliced by the deter-
mined trajectory of Ωm and mν correlation by CMB dis-
tance measure, presented in Fig. 4. This combination ex-
cavates the hidden neutrino mass as mν = 0.19
+0.28
−0.17 eV.
The statistical error is reported with assuming Gaussian-
ity of probability distribution. Although this assumption
is not made, both likelihood function and ∆χ2 results in
Fig. 4 confirms the fact that mν is probed to be different
from massless limit, which was also reported in [17] using
different approach.
While we focus on probing neutrino mass through
galaxy clustering observed by BOSS DR11 with the assis-
tance of CMB distance measures, CMB also contains an
alternative clustering information imprinted by lensing
effect. The signature of neutrino mass is also preserved
in the distorted CMB anisotropy maps at smaller scales.
Thus, instead of taking only CMB distance measure con-
straint, the full combination between BOSS DR11 and
CMB measurements is an interesting topic to be investi-
gated. Considering the targeted volume of BOSS DR11,
the observed clustering by BOSS DR11 affects the mea-
sured CMB lensing as well about 20%. We would like
to address the full covariance approach in the following
work, we plan to probe mν using not only galaxy clus-
tering but also CMB lensing effect.
The measured constraints on mν presented in this
manuscript is trustable with low resolution catalogues
provided by BOSS DR11. But we do not think that
9the same theoretical templates are applicable for the fu-
ture precision experiments. The same methodology can
be used with more rigorously developed RSD theoretical
templates. We work towards to improve those using the
detailed perturbation theory and the believable neutrino
simulations in near future.
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